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SECYION 1
INTRODUCTION

Electron density irregularities in the ionosphere can produce
random variations in the amplitude and phase of a prdpagating wave, even
at frequencies in the GHz range (Pope and Fritz, 1971; Skinner et al.,
1971; Taur, 1976: Fremouw et al., 1978). These rapid variations in
signal amplitude, phase, and angle-of-arrival are called scintillations
and are often observed over'satelljte communication links throuch the
ambient ijonosphere at VHF and UHF. Strong scintiliation is cccasionally
observed at frequencies as high as L-band. Sirce even small fluctuations
in received power can cause degraded system performance, the effect of
scintillation must be considered in the design of a space based radar
(SPR) which must operate through an ionospheric channel.

Worst case or Rayleigh amplitude scintillation is likely tc
occur if the ionosphere is highly disturbed, as fnr example by high alti-
tude nuclear expiosions (Arendt and Soicher, 1964; King and Fleming, 1980)
or by chemical releases (Davis et al., 1974; Wolcott et al., 1978).
Increased ' electron concentrations and the irregular structure of the ioni-
~ zation can ﬁeap to intense Rayleigh signal scintillation at frequencies as
high as the 7-8 GHz SHF band (Knepp, 1977). Consequently, the effects of
scintillation are important to any UHF through.SHF-radar system that must
bperatévthrough'an ionbspheriﬁ'channel and that may have to operate in
highly disturbed environments. -




In an'earlier worx (Dana and Knepp, 1983), the impact of a ff,
severely disturbed propagation channe! on the <oherent detectio. perform- : o '
ance of a space based radar was investigated. .It was shown that disturbed -
propagation environments characterized bty Rayleigh fading creite addi- -
tional design issues that do not occur for S3R nperation'in an anibient, j
" undisturbed propagation channel. This report is a continuation of the ®
earlier work that considered the detection performance of an SBR which
uti}izes'coherent'prpcessing within a dwell. -Here, detection performance
" is obtained for SBR's that perform noncoherent integration of the ampli-
tudes from multiple cdwelis that form a radar scan. ' .
e
_ e
e
.
_e
_e
6




SECTION 2
. RECEIVED SIGNAL DESCRIPTION

In this report, it is assumed that a space based radar (SBR)
must operate through a severely disturbed signal propagation :hanne?lthat
is characterized by severe, Rayleigh fading over a one-way propagation
path. By one-way Rayleigh fading is meant that, if a constant signal is
transmitted over the channel, then.the first order amplitude statistics of
the signal received at the channel output are characterized by a Rayleigh
probability density function. Rayleigh statistics are worst case for
propagatfon of electromagnetic signals over a wide frequency range in many
different kinds of  random media including laser propagation in turbulent
air (Fante, 1975), and VHF propagation through the ionosphere (Fremcuw et
a)., 1978) and through striations composed of barium ions (Marshall,
1982). In a oropagation channel disturbed by a high altitude nuclear
detonation, large portions of the signal environment are characterized by
Ray]e%gh fading (Wittwer, 1980; Bogusch et al., 1981).

RECEIVED SIGNAL FIRST-ORDER STATISTICS

In: fading conditions it is convenient to write the total
recefved signal, Sp, as

Sr = So[c/fa>]S . .' " (1)
The received signal is writien as the product of three factors: S,, the

mean signal that would he received from a print target (including the
effects of transmitter power, range, frequency, etc.); S, the fractional




change in tne signal due to variations caused by the propagation. channel;
‘and o, the change in the sfgnal caused by target fluctuations. The factor
So contains the mean signal level, therefore <§> can be set to unity.
Since the mean signal level has no statistical variation, the received
signal fluctuations may then be expressed as the broduct of two terms, the
first representing the effect of the target variations and the second
representing the effect of signal scintillation.

Target Statistics

In this report, it is assumed that the targét cross section
fluctuations can be described By either Swerling 1 or by Swerling 2
statistics. In both cases the radar cross section has an exponential
probability distribution (or equivalently, a Rayleigh amplitude
probability distribution.) Swerling 1 statistics apply to the case that
thé cross section remains constant over an entire scan (a scan is
comprised of one or more coherent dwells or pulse-trainé) of the target.
Sweriing 2 statistics apply to the case that the target radar,cross"
section varies independently from dwell-t--dwell but is constant for all
the pulses that comprise a coherent dwell. 'These terms describing the
transmitted radar signal will be clarified later. In either case, the
probability density function that describes the target cross section
variation is given by the expression ‘ ,

p(o) = ._1_ ex'p(-a/_‘<a>) ‘ ' | ('é)‘
S A : :

. where. 0> . is the mean'ya?ue.‘ Equation 2 fully describes the firsf-ordér-
statistics of the target cross section. To 6omp1ete1y characterize the '
first-order statistics of the signal at, the radar receiver, one addition-
al]y'requires the statistics of the signal fluctuations caused by propaga-
tion through a disturbed ;hanne]. '




Propagation Channel Statistics

In the caée of satellite communications (SATCOM), the one-way
propagation path is often the on]y case of interest. Tn the case of an
SBR, there are three pcssible propagat1on geometr1es that are potentially
1mportant.

One-Way Fading.' Under bistatic operation, the radar transmitter
and receiver are located separately and thus there may be two independent
propagation paths, one from the transmitter to the target and the second
from the target to the receiver. For the case that one of these two paths

is free space (undisturbed by fading) and the other is severely disturbed,
the received signal power is characterized by a Rayleigh probability
density function. . This one-wa} fading case is identical to the
characterization of a severely disturbed SATCOM channel. For this case,
the probability density function of the'fluctuations of the power caused
by the disturbed propagation channel takes the form

pI(S) =L exp{-S/<S>} | (3)
<S> . :

where <S> 1is the mean value.

' Bistatic SBR Geometry. By the bistati¢ SBR geometry here is

meant the case that the transmitter and receiver.are located aboard
séparate satellites so that the signal travels through two independent
one-way propagation channels both of which are severely disturbed by
scintillation effects. In this case, the received power is simply ‘the
product of the power ‘resulting from each 1ndependent one-way propagat1on
-path. The probab11ity dens1ty function of the product of two independent
exponential distributions is easily calcuIated as (Papqulis, 1965)
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p (5) = 2 K {2/57<55) | (4)
s> ° v :
where Ko is the modified Bessel function (Abramowitz and Stegun,

1965). <S> is again the mean received power.

Monostatic SBR Geometry. For the case «f monostatic SBR 'opera-
tion, the transmitter and receivs~ are colocated so that the signal propa-

gates twice over the same path passing through identical irregularities.
In this case, the received voltage is proportional to the square-df the

voltage after one-wéy propagation. The received power is similarly pro-
portional to the square of the received power after one-way propagation.
The probaoility distribution function of the received power then may be .

‘obtained from Equation 3 using the transformation S .(monostatic) = S2
(one-way) with the result

Py (S) = - 1 exp{-125<s>} : " (5)
Y25¢5> ' -

where <S> 1is the mean value.
Cumulative Distribution of Channel and Target Fluctuations
The éffects of fluctuations in the propagation channel and

target cross section'fluctuatiOns‘can be combined in the form of a protu-
bility distribution function that represents the product of two independ-

~ent random variables. The cumulative distribution function of the re-

ceived po&er is given for the three cases under consideration as

10




Pi(S.) = 1 - 245 /S K1{2/5./S ) | | (6a)
PolS) =T Ko(u>exp{-4s_,/,<uzso)}du | - (ev)
P(S,.) = ¥ - g exp{pu-ZSr/(u?So)}du (6c)

where the subscripts 1, b, and m refer to the one-way propagation path,
the bistqt%c case, and the monostatic radar case,.respectively. Ko and
K, are the modified Bessel functions (Abramowitz and Stegun, 1965) and
~Sq is the mean received power.

In the absence of scintillation, the received power is that from
the Swerling 1 target alone and the cumulative probability distribution
function of the received power is the integral of Equation 2

Pro scfnt(sr) =1- gxp{-Sr/Sg} ' (7)

Figure 1 is a plot on prdbability paper of the cumulative proba-
bility distributions for the four different situations considered. The
curve denoted "no fading," is simply*a‘plot of Equation’ 7 and describes
the situation of a Swerling 1 target tha;’iS‘USUally considered in the

design phase to determiqe thé radar power requirements.- Since this curve
also applies tb a Rayleigh-amplitude distribution, it is valid for the
case of'propagatidn of a constant signal through strong irregularities as
would occur for transionospheric satellite communications.

n
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Figure 1. Cumulative probability distribution function of the
received power for a Swerling 1 target and various

propagatton geometries.

It is apparént that the effect of scinti]lation is to increase the proba-
bility of deep tades beyond that expected for a Swerling 1 target alone.
For example, a Swerling 1 target, with no propégation fading, gives a
probahility of 10-" fof}fadeé of 40 dB or greater. For monostatic opera-
tion, the probability of a fade of 40 dB or greater is 0.027 [t will be
shown that this increased chance of deep fading caused'by the disturbed

'transionOSpheric channel causes degradation of target detection perform-

ance of an SBR,
RECEIVED SIGNAL SECONd-ORDER STK?ISTICS

The above discussion fully describes the first-order or ampli-
tude statistics to be expected after propagation of a radar signal through

. aseverely disturbed channel. Note that this description is valid only

12

r




for the worst-case situation where Rayleigh statistics characterize the
one-way propagation channel. Many other statistical descriptions are pos-
sible for the received signal in less'severely disturbed environments.
However, the signal description here leads to the most severe effects on
SBR performance. ‘ '

The second-order fading statistics are specified by the correla-

tion function of the received complex voltage. For the case of one-way
propagation of an initially constant amplitude'signal through a severely
disturbed ionospheric channel, the autocorrelation function of the
receivéd voltage is given as the two-position, two-frequency mutual
-oherence function (Knepp, 1983).

Signal Decorrelation Time

For a K=* in situ power spactrum of three-dimensional ionization
i~regularities between outer scale Lo and inner scale 2;, the decor-
relation time is (Knepp, 1983)

T * /-Z-Lo/ln(Lolli)O¢VL , , (8)
where

v, a the velocity of the line-of-sight through
the center of the ionized layer

0,2 . Z(réA)ZLOLANe2 rad?
» = RF wavelength |

r_ = classical electron radius (2.82 x 10-}5m)

L = thickness of ionized layer

' ANe2 = varfance of electron density irregularities

13




The signal one-way decorrelation time t) is an inverse measure of the
fading rate or fading bandwidth. Large values of T, correspond to slow
fading conditions and small values correspond to fast or rapid fading.

For the bistatic SBR propagation geométry, the decorrelation
‘time of the received signal is related to the decorrelation time for each
of the individual propagation.thannels according to the relationship (Dana

and Knepp, 1983)

2 1/2

T =
0 'ITZ
1

s NN

(9)

+ j—nN

2
2

where T} and T, are the decorrelation times of the two individual
one-way propagation paths.

~ For the monostatic SBR geometry, the two channels are coincident
(by the principal of reciprocity) and the decorrelation time is

N RN | | (10)

where <t is the decorrelation time of the one-way propagation path, -
For worst case Rayleigh fading the correlation function of the
received complex voltage always 'has the Gaussian form

<E*(t+T)E(L)> = exp{-tz/fg} | | (11) -

'for any of the three possible geometries (Dana and Knepp, 1983). In the
foltbwiné. the signal decorrelation time will always be denoted by the
symbol 1, independent of the various propagation paths. The actual
-value of 1,4 is, of course, a function of the geometry as well as the
1rregular1ty structure of the ionospheric propagation channel.

14
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In this report it is assumed that 14 1is large with respect
to the duration of the cransmitted pulse so that the received sigral is
coharent during this hrief time perind that is typically of the order of
several tens of microseconds. |

Channel Coherence Bandwidth

The channel coherence bandwidth is a measure of the maximum
bandwidth availahle in the pcopagation channel ovee which it is possible
to transmit a signal without impasition of undesired pulse distortion,
That is, in a fading environment, signal spectral components separated by
less than the coherence bandwidth exhibit perfectly correlated fluctua-
tions. If"the_signal spectral components are separated by an amount
greater than the coherence bandwidth, then different spectral components
will uncergo uncorrelated fading. This distortion in the received signal
spectrum causes the received time domain signal to dlSplay undesired time
sidelobes. 0n the other hand, a propagating pulse remains undistorted as
leng.as the maximum instantaneous c<ignal bandwidth is less than the coher-
ence handwidch. This is.nften the case for frequency hopped radar sys-
tems. However, frequency hopped signals that are separated in frequency
by an amount exceeding the cnﬁerence bandwidth will experience independent
fading. |

‘

For a K=* in s1tu power spectrum of three-dimens1onal 1nn1zat10n‘

irregularities the coherence bandwldth is givén by

2 wZC(Z.+Z )L o
o . | tr’o , ‘ (12)
co 248 2
i rdx zn(Lo/zi)zteraNe |

for the case of a monostatic SBR prnpagation geometry. This value is

_smaller than the coherence handw1dth for one-way propagation by a factor

of 1//2 (Knepp, 1982). In this expression

15
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¢ = velocity of light in vacuum

2z, = distance from the transmitter to the
center of the innized layer

z: = distance from the target to the
center of the ionized layer

z, + 2z = total one-way pronpagation distance

~ For the case of the histatic SRR propagation chanmel, the coher-
ence bandwidth is related to the coherence bandwidth of each of the one-

way propagation paths by

2 2 1172
- mcohl mcnh? ' - (13)
.mcnh ) - ~
' ws + w2
cohl coh? -

In this report, it is assumed that the channel coherence band-
width is sufficiently large comvared to the radar pulse bandwidth so that
no time.domain distortion of the received pulse occurs. However, varia-
tions in the coherence handwfdth with respect to the frequency hopping
handwidth of a jam resistant frequéncy agile radar are considered here.
Tt will he shown that. such variations iffect the probability of target
.detection when dwells transmitted at different radar frequencies are non-

coherently combined.
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SECTION 3.
RADAR SYSTEM CHARACTERISTICS

In this report, it is assumed that an SBR operates through 'a
disturbed ionOSpheHic chaﬁnel to detect and track targets near the earth's
surface. Thus, relative to a. ground based radar with similar functions,
"ar SBR has several limitations. First, targets are detected and tracked

at very long ranges  Second, available onboard transmitter power is tela-
tively low. '

These two points imply low received signal-to-noise ratio per
pulse and therefore require long integration times. Hokever, the cross
section of a moving target remains constant or coherent'for-on]y a few
tens of milliseconds because of target mc ion and resulting constructive
and destructive interference between mahy scattering.centérsi Henée,
during a radar‘scan, the total energy transmitted at a target is divided
into a number of dwells (also referred to as'DUrsts). Each dwell consists
of some number, n,.cf pulses transmitted at come radar frequency, which
are coherently integrated upon Feception, Thevraddr_ffequency is changed
between dwells as a fqrm of jamming protection and to assure independent
samples of the target cross section. The detected amplitudes of all the
dwells which form the total radai target scan are then noncoherently com-
bined in a postdetection integration process. '

Figure 2. shows a simplified block diagram of a géneric SBR
receiver. The complex input signal contains amplitude, phase and doppler
information from target, clutter, and thermal noise sources. The weighted

17
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Figure 2. Block'diagra- of generic SBR receiver.

discrete Fourier transform (DFT) simultaneously acts as a coherent inte-

grator and as a clutter rejection filter., After the amplitude from a
single dwell is obtained from the amplitude detector, the radar frequency
is c¢hanged and several more dwells transmitted at different frequencies.
Any number of these independent samples may then be noncoherently combined
and the resulting amplitude compared to a threshold and a "hit" or "miss”
declared. For the sake of simplicity in subsequent calculations, it is
assumed that the target doppier is zero_gnd that no clutter rejection '
filtering is applied.

18




SECTION 4
PROBABILITY OF DETECTION

In this report. SBR target detection performaﬁce is gummarized
for the case of one dwell per scan for slow and fast fading. These
results are described in. deta1] in a previous report (Dara and Knepp,
1983). The case of multiple dwel]s per scan is then considered in detail
and results are presented for the situation in which a frequency selective
propagation enviropment acts to-decorrelate the‘propagation disturbance
from dwell-to-dwell. | ‘ |

PROPAGATION EFFECTS ON COHERENT INTEGRATION

Since an SBR will be required to operate over a wide range of
fading rates relative to the coherent processing time, a distinctibn can
be made between slow and fast fading that is an invaluable aid in under-
stanaing the effects of scintii]¢tion on receiver performance.

. Slow Fading

In slow fading conditions, the duration of. signal fluc*uations
is very long' compared to the coherent processing (or dwell) time. Hence

'v the signal amplitude and phas2 are relatively constant over the receiver

coherent integration time which, in the expanded recefver model of Figure
3, is thé time to integrate n pulses. In this case only dwell-to-dwell or
scan-to-scan signal amplitude fluctuations affect SBR target,detection
performance. Therefore, the'effect_of slow fading on target detection
performancé mdy be determined solé]y.on the basis of the first-order
signal amplitude{statistics expressed by Eqpationsl3-5. A

9
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Figure 3. Expanded block diagram of SBR receiver.

In slow fading, the amplitude output from the coherent inteyra-
tion shown in Figure 3, w = (u2+v?) Y2 nas the well known Rician proba-
bility density function (Dana and Knepp, 1983)

= exp{- (wPn%a?)/2nq\%} To(wa/oy?) (14)
no '
N

UBE

nheré a 1is the target amplitude per pulse, n is the number .of coher-
ently integrated pulses, 26§ is the total noise power per pulse, (oﬁ is
the noise power per pulse in each of the quadrature channels), and Iy is

the modified Bessel function. Equation 14 assumes that the amplitude a

does not change during the coherent dwell.

Now consider the effect of target cross section fluctuations -
while, for the moment, allowing no fluctuations due to the turbulent
propagation environment, Thus assume that S, the propagatioﬁ contribution
to the power as given by Fquation 1, 1s constant. If the target cross
section has a Swerling 1. distribution as given by Equation 2, tha target
'amplitude probability density function is then :

pals) = 2a expl- a¥fssqlssse | 18)

for a fixed value of S. Now the probability density function for the
nnvelope w may be ca\culated as '
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pwls) = g\p(w|a)p(a|5)da - ; {16)
or simply
2 .
p(wlS) = > ol — exp ¢ - > bl 5 Q (17)
"~ noy2(1n550/20,%) 2n0,2(1+n550/20, %)}

In the single dwell per scan case, it is sufficiént to consider
only the amplitude w. Affér detection; the signal amplitude is compared
to a threshold value and.a hit or miss is declared. The threshold value
t is set on the basis of the noise alone to achieve a desired probability

of a false alarm Pgy given by
Pe, =/ P(W'So=0)dw = exp( -t%/2n0 2} ©(18)
a 3 N

The probability that the signal Wi1J be detected for a given
value of S is the 'same as the probability that the signal amplitude w
will exceed the threshold. Therefore

Lt
11#<GNR>S"
IO

pd;S) = { p(w!S)dw = P, (19)

where <SNR>'nSo/2°N7 is thc mean signall-to-npise ratio per dwell. Equa-
tion 19 gives the well known re!étionship.between false alarm probability
and probability of detection for a Swerling 1 target with mean power S; -

for a fixed propagation condition or a fixed value of S.

‘ To obtain the probabilfty of| detection for the case of a Swerl-
ing 1 target combined with propagation| through strongly turbulent ioniza-
tion, it is convenient to calculate the probability of detection according
to Equation 19 for a given value of power S and thenvto average over the

cistributfon of power. The.brobabi]ity of detection is then written as

-4




1,
T, 1+<SNR>S | : '
= )
P {Pfa Pprop (548 (20)
where pprop(s) is the power distribution after single or multiple trans-

jonospheric propagation and is given by Equation 3, 4, or 5, whichever is
appropriate to the actual geometry, with <S> set equal to unity.

The average probability of detection for a Swerling 1 target
with no scintillation and with ore-way, bistatic and monostatic scintilla-
" tion geometries is shown in Figure 4 for a false alarm probability Pf,
of 10-6, typical of a modern search radar. For the one-way, bistatic, and
monostatic scintillation geometries the results are obtained using numeri-
cal integration téchniques. For the Swerling 1 target with no scintilla-
tion, Eguation 19 is plotted with S=1, As was to be expected from the
cumulative probability distribution statistics, the monostatic case has
the greatest detection sensitivity loss and the bistatic case has somewhat
less loss. Relative to the optimum detection curve with no propagation
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Figufe‘4 Probabil1ty of detection as a funct1on of SR for slow
‘ fading conditions. .
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,fad1ng, at a 0.7 probab1.1ty of detection value, the detection sensitivity
losses are 4 dB with one-way fading, 7 dB with bistatic fading, and 11 dB -
with monostatic fading. Thus, it appears that, during severe slow fading,
a gain of 4 dB is possible by using bistatic operation instead of mono-
static operation. ‘This 4 dB gain in detection sensitivity may not be
realizable when the differenées in monostatic and bistatic geometry and
radar cross section are taken into account.

Fast Fading

In fast fading conditions, the signal decorrelation time is less
than the SBR coherent integration time and the effecti&eness of coherent
processing is reduced. Equivalently, the signal bandwidth is spréad'be-

- yond the receiver bandwidth so that signal ‘energy is lost. This loss is

et -._.,..“,_,x-“_._'-v-.—-r — 3w »v-»i.-;: CRAKER y -"—7-» eIy Y oY s

céqsed by destructive interference of radar pulses which are uncorrelated
in amplitude and phase with preceding and following pulses during the
coherent integration time. This fast fading ‘imposes additional loss in
detection sensitivity beyond that imposed in slow scintillation.

Under fast fading conditions, the analytic approach used above
is no longer generally sufficient since the ‘received signal is decor-
refated during the duration of a dwell. For the bistatic and monostatic
SBR geometry, it is necesSaEy to generate Monte Qarlo realizations of the
received voltage which possess the required first- an& second-order
statistical description. '

To compute the probability of detect1on many 1ndependent rea]1-
zatlons of the rece1ved quadrature voltages are generated, each real1za-
tion is then numer1cally integrated and a pseudo-random samp]e of the
integrated noise voltage is added. At this point the integrdted voltages

~are amplitude detected. This signal-plus-noise output amplitude is then
compared to the threshold and a hit or a miss is declared. The detection
process is repeated many times to obtain probability of detection stat1s-
tics as a function of s1gnal decorrelation time.
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Figure 5 shows probability of detection versus the mean signal-
to-noise ratio nSO/Zc:N2 in dB per dwell, for monostatic SBR operation
with a probability of false alarm of 10-8, In the figure, the probability
of detection is shown for a Swerling 1 target with no fading, and for a
Swerling 1 target with slow fading. These curves are taken directly from.
Figure 4. The simulation results for fast fading are shown as points
which -are cornected by smooth dashed curves and denoted by values of ‘
19/Tci, the ratio of decorrelation time to coherent integration time.
~To obtain these results, each dwell is formed from 400 pulses. , The 95
percent confidence interval is shown about one of the simulation results.

'
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Figure 5. Probability of detection for monostatic space based radar.
,Figure 5 shows that fast fad1ﬁg.cadses con..derable additional

loss in detection sensitivity. For a value of about 0.02 for the ratio of .

signal decorrelation time to SBR coherent integration time, the additional
loss is about 8 dB relative to the slow fading (To+=) limit at a Py

4.




value of 0.7. As the decorrelation time increases to approach the coher-
ent integration time, the Py values approach the slow fading limit as
expected. The results for fast fading in this figure show that the slow
fading limit for Py is exceeded by the curves for values of tq/T.j of _ j
0.09 and 0.18 for.mean signal-to-noise ratios above 30 dB. This behavior :
is the result of two competing effects. As. ty/T.j decreases the effi-
ciency of the coherent integration process is degraded. Howevér, as
19/Tei decreases, the number of independent samples of the received ' |
signal ingreases,‘therehy changing the statistics of the output of the
coherent integrator. For monostatic operation, with the very severe input

. amplitude statistics, the change towards more favorable statistics gives a

very slight Qain in detection performance over a small range of g /T
values. '

PROPAGATION EFFECTS ON NONCOHERENT INTEGRATION

In this section, the effects of'fading are determined as it
impacts the detection performance of an SBR that utilizes noncoherent
integration of many dwells that comprise a scan. Slow fading conditions .
are assumed in thg remainder of this report so that the signal decorrela- I
tion time (due,po fading) is large with respect to the duration of all the
dwells of an entire scan. Thus, there is no loss due to pulse~to-pulse . , .
decorrelation durjng’thg coherent integration process shown in Figure 3. . T

Furthermore, this slow fading asSumption introduces the feature
that ‘the prbpagation'effects are controlled by the relafionship between
the. radar hoppin§ bandwidth and the' channel cohiererce bandwidth. For
- example, if the coherence bandwidth is much larger than the hopping band-
width, changes in the radar frequency from dwell-to-dwell introduce no
changes in the observed scintillation during that scan. Conversely,'if
‘ the fadar hopping bandwidth is large with respect to the rhannel band- e
width, the voltage component due to sc1nt111ation changes from dwell-to- 4 o
dwell providing stat1st1ca1 variation and giving improved detection
performance. '
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First, a comparison of detection probability is given for

ambient environments with no fading for the case of Swerling 1 and 2
targets. Probability of detection is calculated for the combination of
the coherent integration of the voltage from n pulses during a dwell and
the noncoherent integration of the amplitudes from m dwells during a
scan. From these results, it will be seen that there is an optimum number
greater than unity of dwells per scan when the energy allocated for target
detection is fixed (i.e., constant m x n) and when the radar transmission
frequency‘is changed from dwell-to-dwell. Although these results were
first derived by Swerling (1960)‘many years ago, they are cast here in a

' form that includes both coherent and noncoherent integration.

Then three éases are examined. First, the case that the propa-
gation channel bandwidth is very large with respect to the radar hopping
bandwidth (“hop) is considered. In this case the received signal con-
tribution from the fading channel remains constant during the entire scan.
Second, results are presented for the case that the propagation channel
bandwidth is small with respect to the radar hopping bandwidth. In this
case the contribution to the received signal from scintillation effects is
independent from dwell-to-dwell. Third, the intermediate situation where
the channel fluctuations are correlated from dwell-to-dwell is considered.
In all three cases here, the SBR frequency is changing between dwells, so
that a Swerling 2 target model is appropriate. ‘ '

In the followipg, it 1s shown that there is.a significant ‘gain
in SBR detection pgbformance for the case that the propagation scintilla-

" tion effects from dwell-to-dwelI are totally or partially decorrelated.

Undisturbed Environment

Swerling 1 Target. For the case of a Swerling 1 target and no

bropagatfon fading, the radar cross section, and therefore the target
"amplitude, is constant. for ;ll the dwells of a scan. For a'fixed‘target
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amplitude, the probability density function of the output of the coherent
integrator is given by Equation 14. The probability density function of
X (see Figure 3) is then the Rician power distribution

p(x A) = _? exp| - (Ax+n2A/2)/no§]Io(/ZAx/cﬁ)' (21)
noy :
where A = a2 is'the constant target power per pulse.

The distribution of the output amplitude from the sum of m
amplitudés each with the probability density function of Equatiom 21 is’
obtaine& by noting that the probability distribution of the sum'of inde-
pendent random variables has as its characteristic function the product of
the character1st1c functions of the individual random variables. The
amp11tudes xg (2 = 1,2,...,m) are independent because the noise compon-
ents of the amplitudes are independent. The target power A represents a
constant componant which is ccmmon, to all of the terms.

The characteristic function is the Fourier transform of p(x|A)
so that

“CrlafA) = [ emax p(x[A)dx .  (22)
[ e |

‘where .q ‘is an imaginary transform variable and where the subscript 1 |
refers to the fact that. Pl(q'A) is the character1st1c function.of one of
the amplitudes in the noncoherent integration. Performance of the

" indicated integration (Gradshteyn and Ryzh1k 1965) gives

exp{-nqu/[Z(no g+1)]}

Ci(q|p) = . . (23)
noNq+1 .

Since the amplitude' z is the sum of m independent values of x, the
| characteristic function of P(z'A), the probability densrty function of
z for a given target power, is then
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(aa) = [Ci(q|A)]m

| exp{-mnqu/[Z(no§q¥1)]} T ' .

= > - o o (28)
'(nch+])m : . ’

. The probability density function of 2z for a;gfveh'va1ue of A, p(zIA),
is the inverse Fourier transform of Cm(qIA). This can then be averaged
over the scan-to-scan distribution of A to obtain . p(z) for a Swerling 1
target. Not1ng that the order of 1ntegrat10n is unimportant, it is con-
venient to average - Cm(q|A) over the d1str1butvon of A and then take
the inverse Fourier transform to obtain p(z). For a Swerling ! target,
the probability density function of the received power is

p(A) = exp(-A/So))So B _ : (25)"

where, again, S is the mean received power per pulse. The average of
Cm(q A) gives ' '

Cla) =/ cm(qu(A)dA

. L (26)

(naZq+1)m=1{1enoZq [ 1+mnS o/ (202) ]}

The inverse Fourier transform (Campbell and Foster, 1948) of Cm(q) gives
the probability density function of 2z as a function of the mean signal-
to-noise ratio as o ‘

[ 1emestr>]m-1 exp{ -2/ no} (1+mesR>)]}

p(z) = . ,
L m<SAR> J no§(1+m<SNR>)
v{m-1,m<SNR>2/[ no : -
g y{m-1,m<S R>z/[nqm(1+m<SNR)]} (27)
r(m-1)




where } is the incomplete gamma function, and T(m-1) 1is the gamma
function (Abramowitz and Stegun, 1965). For later reference note that
r(a,x) +y(a,x) =r(a) where r(a,x) is also referred to as the incom-
plete gamm:. function. The factor <SNR> s tﬁe mean signal-to-noise
.ratio per dwe 1 defined in connection with Equation 19,

Swerling 2 Target. In the case of a Swerling 2 target, the
radar cross section is independent from dwell-to-dwell, and the proba-
bility density fuﬁction of the amplitude w " at the output of the coherent
integrator is given by Equation 17 for a constant value of S, the con-
tribution of propagation fading to the received power. Note that Equation
17 already includes the.contribution of the Swerling 2 target.

The probability density function of x then has the exponential form

. exp{-x/[ncﬁ(1+S<SNR>)]}‘ ,
p(x|$) =

(28)
no§(1+S<SNR>)

where <SNR> is the mean signal-to-noise ratio per dwell. Noting that the
sum of m independent exponentially distributed randoﬁ variables is a xz
variable with 2m degrees of freedom, the probability dehsity function of
-z for a fixed value of S, the contribution from fading, is

{z/[no§(1+5<sﬂa>)}m-x er{-z(fno§(1+S<snn>)}}
no§(145<SNR>)r(m)

plz|s) = (29)

where T(m) = (m-1)! {s the gamma function. _

Results. After the noncoherent process is completed, the
amplitude z i{s compared with‘a threshold and a hit or miss is declared.
The threshold is set so that the probability of a hit from noise alone is
small (typically IQ'“ to 10°%), The probability of false alarm is then

just.the integral of Equation 29 with the target cross section set to
zero. - :

.72.9‘
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Pea = { p(z|$=0)dz = T{m,T/(ncy)]/T(m) (0

where T(m,x) is the incomplete gamma function. It is an easy matter ta
numerically invert Equation 30 to find T/noﬁ as a function of the
probability of false alarm and the number of dwells per scan, m. Since
the noise is independent of target or channel statistics, Equation 30'for-
the threshold does not depend on the target or channel model.

Once the threshold has been obtained, the probability of detac-
tion becomes '

P4(S) = [ p(z|S)dz _ (31)
which is the probability that an amplitude 2z of signal plus noise
exceeds the threshold for a given value of S, the signal contribution due
to fading. o

For the case of a SQerling 1 target with no fading, it is neces-
:ary_to-perform'the integration given by Equation 31 using Equation 27 as
the integrand; After some manipu[ation the probability'of detection is
fourd as |

Py ™ Pra * [1ﬁ9§§§§3]m'1 exp{-T/[na? (1pmesNR>) |}

- : _ (32)
o Y{m-l,ﬁxSNR>T/[na§(1+m<SNR>)]} L
r(m-l)
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Since T/n&ﬁ is independent of n, the probability of detection depends -
only on the mean signal-to-noise ratio per dwell, the number of dwells per ' ,_. 
scan, and the probability of false alarm. Also, it is easy to show that Lo
Pg = Pry when <SNR> is zero. A | e

The probability of detection for a Swerling 2 target has the ,-.'
simpler form

Pd'(s')=r{m,T/[no§(1+S<suk>)]}/r(m) o (33)

which is again.independent of n for a given signal-to-noise ratio per
dwell.  Equation 33 gives the probability of detection of a Swerling 2
target for a fixed propagation scintillation condition or'a fixed value of SO
S. The result for the case of no fading is found by taking S as unity ' e
in the equation. The results for the case of propagation scintillation
may, in some cases as follows, be obtained from Equation 33 after aver-
aging over the probability distribution function of S.

The probability of detection is shown in Figure 6 for a Swerling
"1 target versus the mean signal-to-noise ratio pér scan, m<SNR>, The

number of dwells noncoherently integrated is 1, 2, 4, 8, or 16. In the ‘ T
absence of target cross section fluctuafions from dwell-to-dwell, the :‘~"

signal-to-noise ratio required to achieve a given probability of detection ~;$f
increases as the number of dwells pef scan is increased. Thus these re- ;i{j
" sults demonstrate the well known result that for a Swerling 1 target or, iiijz
equivalently;_for a radar that does not change transmission freqUenciés . 7'§
from dwell-to-dwell, the optimum number of dwells per scan is one. ' s
However, when the radar transmiSsion'frequencyvis changed from f*f
“dwell-to-dwell so that the target.cross section fluctuations are described .o
by the Swerling 2 model, the detection curves of Figure 7 are obtained. ;{}?
L
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From the figure, for signal-to-noise ratios less than about 15 dB per
scan, the number of dwells per scan which minimizes the siénal-td-noise

ratio requiréd to achieve a given brobability of detection depends on‘the
' probability of detection. If an SER could always operate at signal-to-
noise ratios above 15 dB per scan, then the optimum number of dwells per
scan is the largest number possiblé. In general, however, it is desirable
that the detection performance of the radar degrade aé‘graéefuily as
possible as the signal-to-noise ratio falls until the point where the
probability of détection falls below the miniiin (say S0 percent) required
to maintain a radar track. At a 5C percent probability of detection, the
two dwell pér scan case requires a signal-to-noise ratio of only 12.5 dB
per scan whereas the 16 dwell per scan case requires 14.5 dB per scan.
The optimum number of dwells per scan will therefore be arbitrarily
defined by finding the detection curve which, for probabilities of
detection above 0.5, minimizes the difference between the signal-to-noise
ratio that it requires to achieve a given probability of detection and the
minimum signal-to-noise ratio required to achieve that same probability of
detection. For the detection curves plotted in Figure 7, the optihum
number of dwells per scan is 4, L

By comparing Figures 6 and 7, it can be seen that for probabili-

ties of detection greater than about 0.3 and for the number of dwells per
scan greater than unity, s Sweéling 2 target requiras a smaller signal-to-
A noise ratio to achieve a given probability of detection than does a

~ Swerling 1 target. - | '

The re§u1ts presented above show that the opiima] number of

dwells per scan is about 4 when the transmission frequency is changed from

dwell-to-dweil. Otherwisé; a single dwell ber scan is optimal. However,
these waveform design considerations ara limited by many practical con-

étrajnts. The maximum;dgration of a coherent dwell is limited, for exam-
ple, by the time duration of radar cross section fluctuations caused. by
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" target notion or by other‘considerations such as the coherence time of the
receiver phase reference. O0On the other hand, the minimum number of pulses
per dwell or equivalently the minimum duration of a dwell is limited, for
example, by doppler resolution and clutter attenuation requirements.
Therefore, it is not possible to choose the number of dwells per scan
merely on the basis of target detectability considerations. In addition,
an SBR nay be required to operate at lower probabilities of detection than
ground based radars because of power constraints., Decreasing prcbability
. of detection with decreasing signal-to-noise ratio might then drive the
waveform design to 2 ar 3 dwells per scan. l

Effects of Fading on Noncoherent Integration

Now consider the case that the signal decorrelation time is
large wiih respect to the duration of all the dwells that comprise a scan.
Under this slow fading assumption, the propagation effécts are controlled
by the relationship between the SBR hopping bandwidth, wnop, and the
prooagation channel coherence bandwidth, wcon. In the following, the
radar freguency is changed for each dwell $o that a Swerling 2 target
model applies. '

Large Channel Coherencg'Bandwidth.' For the case that

coh
. fluctuations is constant during a scan but varies independently from scan-

to-scan. Thus, the probability of detection during fading is computed by
averaging the probability of detection for constant propagation conditions
over the appropriate distribution function describing the propagation

“op* the contribution to the received signal due to channel

channel fluctuations. " That is,

P = [ PSP

d %

orop($) 48 - (34)
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where Pprqb(S) s the probability density function for one-way, mong-

"static, or bistatic propagation geometries. In general, it is necessary .
to evaluate Equation 34 using numerical quadrature techniques.

Small Channe?! Coherence Bandwidth. If Weon ¥ whop’ the contri-
bution to the signal from propagation scintillation is independent from
dwell-to-dwell. In this case, the distribution of the amplitude out of
the square-law deteétor (Equation 33) must first be averaged over the

dwell-to-dwell distribution of S before the noncoherent integration pro-

cess can be considered. To the authors’ knowledge, this average cannot be
‘obtained in closed form for any of the propagation geometries considered
héré.' It is therefore nec~=s., ‘' to use Monte Carlo techniques to obtain
the probability of detectiow. |

Here random samples of S are generated from the appropriate
distribution and then Equation 28 is used to geuerate m random samples
of the output amplitude from the square-law detector. The amplitudes are

noncoherently integrated and compared with the threshold from Equation 30 -

to declare a hit or a miss. The probability of detectiom is then esti-
mated as the ratio of the number of hits to the number of trials or scans.

. The samples of S, the fading propagation channel contribution
to the signal, are generated by noting that for one-way propagation the
probability density function of S 1{s exponential:

p(s) =eS . L o (3)
Indepen&ent samples 6f_ S are then obtained by inverting the equation

L F(S) = '[Sp(S')dS' 21 -e5 =1y . S (36)
0 - Do
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where F(S) 1is the cumulative distribution of S and U is a uniformly
distributed random variable on the interval (0,1]. For a monostatic SBR
geometry, S 1is the square of the one-way value; for the bistatic SBR
geometry, S is the product of two independent one-way values. Hence the
Values of S. are generated in all three SBR geometries as

-4n U one-way
S = .% 2n?u , monostatic ' (37)
Ln Y 2n U" . bistatic

where U and U’ are independent variates with uniform distributions.
The mean vaiue of S is unity in each case.

For a given value of S geiterated from Equation 37, the samples
of the amplitude at the output of the square-law detector are obtained by
inverting the cumulative distribution of ampiitude. In this case the
cumulative distribufion function of the output amplitude x s given as

.the integral of Equation 28 with respect to x. Random samples of the

amplitude may then be obtained in the same,mannér as above from the
expression

x/nok = =(1 + <SNR>S)2n U'' (38)

where <SNR> s the ‘input value of the mean signal-to-noise rafiq per
dwell and where U'' is another uniformly distributed random variable.

The nohcoﬁérent]y integrated amp1itudé.may then. be written as

~ z/nad

m ) . .
il To(1+ <SNR>Si)£n U, ) : (39)

i=1
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where independent values of S and U are generated for each term of the
i | sum. The amplitude z/noﬁ is then compared with the threshold T/naﬁ to
declare a hit or a miss. Note that both z/ndﬁ and T/ncﬁ are indepen-
dent of the values of n and oy So that the probability of detection is
-only a function of the probapi1ity of false alarm, the mean signal-to-~

.i noise ratio per dwell, and the number of dwells per scan.

The accuracy of the Monte Carlo technique can be checked by
generating the probability of detection for the case of a single dwell per
.scan anq comparing the result with that ca]cu]afed.from Equafion 34.’ In
.this case the results for both small and large coherence bandwidth should
be ident{cal.

) ' General Channel Coherence Bandwidth. Intermediate between the
large and the small channel coherence bandwidth cases are ﬁropagation ’
environments where the dwell-to-dwell transmission frequency changes par-
tially decorrelate the propagation effects. Slow fading is again assumed
50 that_the propagation effects are constant for the duration of a dwell.
Once the m c¢orrelated samples S5 have been obtained, Equation_39 is

used to calculate the noncoherently integrated amplitude z/noﬁ. It is
convenient in this situation to generate the correlated samples of S for

i the three SBR geometries from the underlying qormally distributed cne-way

voltage. ’ o

It is known'(Fante, 1975) that after propagation one-way through ’

) ~ a strongly turbulent layer, the received voltage of an initially constant
amplitude and phase signal can be expressed as the sum of quadrature
components - , v ‘ ‘

B = Tt 10 . R (40)

. ' .
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where £y is the complex received voltage on the kth dwell with
in-phase component Iy and quadrature-phase component Qg. The
components of Ey are indépendent, normally distributed variates with
zero mean and variance equal to 1/2 so that, in the one-way propagation
case, the power '

5

k,1 I ¥ Qi ’ | (41)

k
has an exponentialvprobapility density function with mean of unity. .

A simple method to obtain m correlated samples of Eyx is to
generate a Markov process (Mitchell, 1976) '

By =2
;' ’ , (42)

L _ —

Ek | o Ek-l +.J1vp % s -1 <k <m
where. {ck} is a sequence of complex, independent samples with first-
order statistics identical to those of {Ex}. It is then straight-
forward to show that the autocorrelation function of the sequence {Ek}l
is h '

€ ED = olk-tl . (43)

) k 2 N I ' [ . '
Once the correlated'sequence {Ek} has been generated with statistics
appropriate to the one-way propagation case, the sequence of resulting
values of power is then available for the monostatic SBR geometry.. An
additional sequence is necessary for the bistatic SBR configurat?on.
The values of :S, , 1 <k <m, for the m dwells of a scan are then
given by T '
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k.1 one-way

S
= 1 2 . 3 :
Sk E.Sk’1 monostatic (44)
Sk,l Sk,2 ' bistatic

where Sk 2 is an in&ependent power appropriate to the second one-way
path of the bistatic geometry.

_ Results. Figures 8-10 show the probability of detection during
slow fading for the three cases of wcoh under consideration. The
results are shown as a function of signal-to-noise ratio and the number of

‘dwells per scan, m. A check of the results is made possible by comparison

of the detection curve for one dwell per scan to the appropriate detection
curves for slow fading shown in Figure 4. As can be seen, the results are
identical in all cases. Figures 8a-c show the probabiiity of detection .
for one-way, monostatic, and bistatic propagation geometries, respective-
ly. Because the probability of detection is insensitive to the number of
dwells per-scan, only results for m =1, 4, and 16 are shown. These
results and those for 2 or 8 dwells per scan are summarized in Table 1,
which gives the probability of detection as a function of the mean signal-

' to-noise ratio per scan. It can be seen from the table that for proba;
bilities of detection in the range 0.5 to 0.95 where the SBR would normal-

ly be expected to operate, the optimum detection performance is. achieved
with four &wells per scan. . However, the difference is slight between the
cases of 2 and 4 dwells per scan. An inspectioﬁ of the figures shows '
that, fof a given probability of detection above about 0.7, the.one dwell
per scan waveform requires the highest. signal-to-nofse ratio. At a
probability of detection of 0.9, the difference in the required
signal-to-noise ratio between the case of one dwell and of four dwells per
scan is 2.5 d8 for the one-way and bistatic geometries and is 2 dB for the
monostatic geometry.
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with a large frequency coherence bandwidth.

a). One-Way Geometry

Table 1. Prcoability of detection* under slow Rayleigh fading conditions

Dwells/Scan
Mean SNR :
dB/Scan 1 2 4 8 16
0.00 5.755£-03 2.0386-03 | 5.499E-04 1.189€-04 2.453€-05
5.00 5.828€-02 3.848E-02 2.102£-02 9.139€-03 3.031E-03
10.7.0 2.314£-01 2.172€-01 1.838£-01 1.378e-01 8.900E-02
15.00 4.916E-01 5.245£-01 5.204E-01 4.835£-01 4.203E-01
20.00 7.241£-01 7.802£-01 7.955€-01 7.829£-01 7.501£-01
25.00 8.698€-01 9.154E-01 9.270E-01 9.237€-01 9.117€-01
30.00 9.438€-01 9.704E-01 9.755E-01 9.749E-01 9.710£-01
35.00 9.773e-01 9.897£-01 9.916E-01 9.918£-01 9.907€-01.
40.00 9.912£-01 9.961£-01 9.968E-01 9.972E-01 9.970E-01
b), Monostatic Geometry
Dwells/Scan
Mean SNR }
dB/Scan 1 2 4 8 16
0.00 1.389€-02 9.401E-03 5.730€E-03 3.103€-03 1.464€-03
5.00 6.137€-02 5.299£-02 4.218E-02 3.075E-02 2.032£-02
10.00 1.679€-01 1.65i£-01 1.511E-01 1.293E-01 1.035€-01
15.00 3.264€-01 3.395€-01 3.311E-01 3.068E-01 2.720E-01
20.00 5.017€-01 5.294E-01 5.287€-01 5.091E-01 4,768£-01
25.00 6.585E-01 6.914£-01 6.948€-01 6.816£-01 6.575€-01
30.00 7.796E-01 8.090€-01 8.131€-01 8.U51E-01 7.892€E-01
35.00 8.638£-01 8.860£-01 8.894E-01 2.848£-01 8.751£-01
40.00 9,184€-01 9.334£-01 9.357€-01 9.333€-01 9.276E-01
c) Bistatic Geometry
Dwells/Scan
Mean SNR : '
d8/Scan - 1 2 4 8 16
- 0.00 1.114€-02 6.538€-03 3.363€-03 1.495€-03 5.620£-04
5.00 6.137€-02 ‘| 4.957€-02 3.640€-02 2.405E-02." | 1.408E-02
.10.00 1.897€-01 1.831£-01 1.635€-01 1.350E-01 1.027€-01
15.00 3.876€-01 4.045E-01 | 3.945£-01 3.634€-01 3.180£-01
©20.00 | 5.971E-01 6.354€-01 6.385€-01 6.176E-01 " | 5.798E-01
25.00 7.657€-01 8.078€-01 8.158€-01 8.053e-01 7.82€£-01
30.00 8.768£-01 9.096E-01 9.162€-01 9.119€-01 9.007€-01
35.00 9.402t-01 9.607£-01 9.646E-01 9.631E-01 9.583E-01
40,00 . | 9.727€-01 9.836€-01 | 9.855E-01 9.853€-01 9.835€-01
*Swerling 2 Target Pfy = 10°~°
0 -
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 The detection curves for small coherence bandwidth are shown in
Figures 9a-c for one-way, monostatic, and bistatic propagation geometries,
respectively. The simulation results are shown as dots connected by
straight 1ines, For one dwell per scan, close agreement is seen between
analytical results (solid line) and the simulation results (stars). These
détection curves have the same qualitative appearance as those for a
Swerling 2 target in the absence of propagation fading. That is, at
signal-to-noise rhtios[per scaﬁ above 15 48 or so, increasing the number
‘of dwells per scan increases the probability of detection at the expense
‘of giving a less graceful degradation of the probability of detection as
the signal-to-noise'ratio is reduced. If thé criterion for defining ihe
optimum number of dwells pér scan that was used earlier for é Swerling 2
target in an ampient-environment is again applied. the optimum number of
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dwells per scan for “coh‘ “hop lies between 4 and 8. Of course, as dis- e
cussed previously, other design considerations might force the use of’
fewer than the optimum number of dwells determined- on the basis of L
detectability alone. . R - : ‘:if;

Figures 10a-c show the effects of partial decorrelation of ‘the
'propagation channel between dwells for the three SBR geometries. The
probability of detection versus the mean signal-to-noise ratio per scan is* N . '
shown for 8 dwells per scan with the correlation coefficient defined in
'Equation 42, ranging from 1 (which corresponds to w. > wbop) to O
(which corresponds to “cbh ”bo . The probability of detection with 8
-dwells per scan in an ambient environment is also shown. These results

show that only a small amount of inter-dwell decorrelation of the fading ;_g:
effects is necessary to substantially improve target detectability in R,
comparison to the case of no decorrelation. For example, at a probability e
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bistatic SBR geometry characterized by dwell-to-dwell
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of detection of 0.7, a mohostatic SBR that utilizes 8 dwells per scan will
suffer losses in detection sensitivify 6f 2.7 dB. for p =0 ..4.9 d8 for
p=0.8,and 11 d8 for o = 1. While it is apparent that the use of -
tiple dwells per scan does not improve detection performance in a slow
fadirg, large coherence bandwidth chaunel, only a small amount of .dwell-
to-dwell decorrelation of the scintittation effects substantial]y improves

1

detection performance.
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SECTION 5 | o
CONCLUSIONS NS
N .,,
It is appafent that severe fading has a dramatic effect on the .
target detection performance of an SBR. For slow “ading, when there is no )
~degradation to the SBR coherent integration process, the losses in detec- .‘

tion sensitivity are 7 dB for bistatic operation and 11 dB for monostatic
operation. For fast fading, severe degradation occurs when the signal de-
correlation time becomes smaller than about a tenth of the SER coherent B
integration time. A design alternative useful for fast fading might in- —.'_’
volve adaptively changing the dwell duration so that the SB§ coherent ~
integration time does not exceed the signal decorrelation time,

~ When the total signal-to-noise ratio per scan for the detection <5P.
of targets is fixed, the optimum detection performanée in ambient or slow Tl
fading conditions is achieved when the radar energy is divided into 2 to 8
dwells per scan. Each dwell 1 st use a separate transmiésjon frequency so
that Swerling 2 radar cross s ction'statistics apply. Utilization of more
dwells per scan enhances the detection perforhance at high signal-to-noise
ratios at the expense of'detection curves that degrade less gracefully as
the signal power decreases. ’

®
When multiple dwellg per scan are used during slow fading, the .
~detection performante is sensitive to the coherence bandwidth of the prop= '
agation channel;"For example, for an 8 dwell per scan waveform and at a : \
probability of detection of 0J7, the difference in detection sensitivity I .
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between the worst case large coherence bandwidth environment where propa-

gation effects are constant durihg the scan, and the best case small
cohérence bandwidth environment where scintillation effects give
independent voltages from dwell-to-dwell, is 8 dB for a monostatic radar
and 5.5 dB for a bistatic radar. However,‘only a small amount of
dwell-to-dwell correlation of the scintillation is necessary to achieve
most of this detecticn sensitivity gain. It is then apparent that an SBR
should attempt to maintain a 1ar§e enough transmission frequency
separation between dwells to insure that the scintillation effects
partially decorrelate from dwell-to-dwell. Hence, an SBR measurement of
the channel bandwidth appears a useful mitigation tool.

Both mifigation techniques suggested here will affect other

aspects of SBR performance and require further ihvestigqtion in the
context of a complete SBR system.
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ATTN: E. Tsui
ATTN: J. Marshall
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M. 1. T. Lincoln Lao

ATTN:
ATTN:
ATTN:
ATTN:

V. Vitto
D. Towle
J. Evans
N. Donerty

McDonnell Douglas Corp

ATTN:

ﬂ1551on Research Corp
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:
ATTN:

[VIR SN,V
000
s~

Mitre Corp

ATTN:
ATTN:

R. Halprin

R. Christian
R. Kilb

M. Scheibe
Tech Library’

“C. Longmire

F. Fajen
D. Knepp
R. Dana
Document Control

W. Foster
W. Halt

Pacific-Sierra Research Corp

ATTN:

H. Brode, Chairman SAGE

?hysical Dynamics, Inc

ATTN:

Raytheon Co

ATTN:

£. Fremouw

G. Thome

SRI International

ATTN:

F. Perkins

Swerling. Manasse & Smith, Inc

ATTN:

R. Manasse
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R&D Associates

ATTN: G. Stcyr

ATTN: R, Turco

ATTN: F, Gilmore

ATTN: H. Ory
Rand Corp

ATTN: P. Davis

ATTN: C. Crain

Rand Corp
ATTN: 8. Bennett

Riverside Research Institute
ATTN: V. Trapani

Science Appl ications, Inc
C. Smith
ATTN: R. Lee
ATTN: D. Hamlin
ATTN: L. Linson

SRI International

ATTN: M. Baron
ATTN: R. Leonard
ATTN: R, Leadabrand
ATTN: W. Chesnut
ATTN: J. Depp
ATTN: A. Burns

Teledyne'Brom Engineering
ATTN: F. Leopard
ATTN: N. Passino

Toyon Research Corp
ATTN: J. Garbarino
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